This paper presents an improved model and its application for mapping global solar radiation from satellite data in the tropics. The model provides a more complete description of the absorption and scattering of solar radiation in the earth-atmosphere system as compared to the earlier models. The study is conducted in the tropical environment of Thailand. Digital data from the visible channel of GMS4, GMS5, GOES9, and MTSAT-1R satellites collected during a 15-year period (1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)) are used as a main input to the model. Satellite gray levels are converted into earth-atmospheric reflectivity and used to estimate the cloud effect. The absorption of solar radiation due to water vapour is computed from precipitable water derived from ambient temperature and relative humidity. The total ozone column data from TOMS/EP and OMI/AURA satellites are used to compute solar radiation absorption by ozone. The depletion of solar radiation due to aerosol is estimated from visibility data. In order to test its performance, the model is employed to calculate monthly average daily global solar radiation at 36 solar monitoring stations across the country. It is found that solar radiation calculated from the model and that obtained from the measurement are in good agreement, with a root mean square difference of 5.3% and a mean bias difference of 0.3%. The model is used to calculate the monthly average daily global solar radiation over the entire country, and results are displayed as monthly and yearly maps. These maps reveal that the geographical distribution of solar radiation in Thailand is strongly influenced by the tropical monsoons and local geographical features.
Introduction
Information on the amount of solar radiation at the earth surface is essential for solar energy applications and atmospheric research. Ideally, such information should be obtained from a dense network of solar radiation monitoring stations covering an area of interest. However, in practice the number of stations in existing networks is generally too sparse to provide sufficient data for users.
Geostationary meteorological satellites record backscattered solar radiation from the earth-atmosphere system at high temporal frequencies, therefore providing a means to estimate surface solar irradiance. In the past 30 years, some models have been proposed to derive solar radiation from satellite data . These models have different degrees of complexity and accuracy. Furthermore, most of these models were developed for mid and high latitude zones. Published reports on satellite models for the tropics are very limited. Although we have developed a satellite-based solar radiation model for calculating solar radiation in a tropical environment of Thailand [24] , several assumptions were made in the original paper to simplify the calculations. Additionally, the model validation was carried out against only four ground stations recording solar radiation.
The objective of this work is to improve our previous model by accounting for the effect of the absorption of solar radiation in the upwelling path as well as in multiple scattering between the ground and the atmosphere in the satellite band. The methods for calculating absorption of solar radiation by water vapour and ozone have also been improved. This improved model is validated against measured solar radiation from 36 stations in Thailand. After the validation, the model is employed to map solar radiation over Thailand. The radiation maps obtained from this work will represent the solar radiation climatology of this country. Figure 1 : Schematic diagram of the radiation budget as seen by the satellite in the improved model.
of model parameters, model validation and solar radiation mapping. The details of each part are described as follows.
Processing of Satellite Data.
The satellite images used in this work are obtained from 4 geostationary satellites, namely, GMS4, GMS5, GOES9, and MTSAT-1R. The satellites GMS4, GMS5 and MTSAT-1R are operated by Japanese Meteorological Agency (JMA) and GOES9 satellite is operated by National Oceanic and Atmospheric Administration (NOAA), USA, incorporated with JMA. The satellite data are obtained from JMA. The periods of the satellite data and the wavelength bands used in this project are shown in Table 1 . Normally, the satellites give hourly image data. However, for each day only the data from 8 : 30 AM to 4 : 30 PM are used in this work. The early morning and late afternoon data are not used, due to their low quality caused by low brightness and non-Lambertian reflection. The total period of data used is 15 years (1995-2009 ) with approximately 35,600 images.
When displayed as images, the digital data cover the entire area of Thailand with a spatial resolution of 3 × 3 km 2 . These images are transformed into a cylindrical projection, being linear in latitude and longitude. They are subsequently navigated using features of the coastline as a reference. Each image consists of a matrix of 500 × 800 pixels representing solar radiation reflected from the earth-atmosphere system in the form of gray levels (0-255). The values of the gray levels are transformed into the pseudo-reflectivity ( SAT ) using calibration tables provided by the satellite agencies. In the final step, the pseudo-reflectivity is divided by the cosine of the local solar zenith angle at each pixel so as to obtain earth-atmospheric albedo ( EA ). The values of EA are used in the satellite-based radiation model. 
Improvement of a Satellite-Based Solar Radiation Model.
A satellite-based solar radiation model proposed by Janjai et al. [24] is modified for the calculation of surface global solar radiation from satellite data. The improved model considers the depletion of solar radiation due to clouds, ozone, aerosols, water vapour, and trace gases in the atmosphere, for both the upwelling and downwelling paths of solar radiation. The multiple reflections between the atmosphere and the ground are also taken into account in this model. The absorption and scattering of solar radiation in the earth-atmosphere system as used in the model are schematically shown in Figure 1 . Consider a unit of the downwelling solar radiation entering the earth atmosphere, part of which is scattered to the outer space by clouds, air molecules, and aerosols (see Figure 1 ). The scattering due to clouds, air molecules, and aerosols in the atmosphere can be represented in terms of reflection coefficients ( A + aer ); hence the remaining portion of radiation in its path is 1 − A − aer . Note that the scattering of clouds and air molecules is represented by one coefficient, called atmospheric reflectance ( A ). This is because the scattering by air molecules occurs both above and International Journal of Photoenergy 3 below cloud layers and it is not possible to decompose A as a sum of Rayleigh scattering reflectance and cloud reflectance, due to the nonlinear interaction between air molecules and clouds. From this point, the rest of the downwelling radiation is absorbed by ozone, gases, water vapour, and aerosols with the absorption coefficients of o , g , w , and aer , respectively. The remaining solar radiation arriving at the ground is (1 −
As a result, the remaining radiation can be written as
This solar radiation is then reflected back to the atmosphere by the ground with the surface albedo of G . Part of the reflected solar radiation is again absorbed by aerosols and scattered by clouds, air molecules, and aerosols. Hence, part of radiation leaving the atmosphere to the outer space from the first incident solar radiation is written as
The remaining portion is reflected back to the ground by clouds, air molecules, and aerosols. Then the process is repeated. The sum of all solar radiation leaving the atmosphere to the outer space is called earthatmospheric reflectivity ( EA ). It is observed by the satellite and can be written as
or
The variables with "prime" denote their values in the satellite band, for example, 0.55-0.90 m for GMS5 and MTSAT-1R.
Rearranging (2) yields
where
From (3), EA is obtained from satellite data and aer , w , and g can be derived from ground-based measurements. The surface albedo G and ozone absorption coefficient o can be derived from satellite data. The method for deriving these coefficients is explained in the next section. Therefore, values of A can be calculated from (3). In the next step A , which is in satellite band, is converted into broadband atmospheric albedo ( A : 0.3-3.0 m) using empirical formula explained in the next section. Then broadband atmospheric albedo ( A ) is used to calculate broadband atmospheric transmittance, which is expressed as
where is broadband transmittance of the atmosphere. The unprimed variables denote the scattering and absorption of solar radiation by the atmosphere constituents in broadband
) represents the first incident solar radiation on the ground (see Figure 1 ). The denominator term represents the multiple reflections between the ground and the atmosphere. The values of G , aer , aer , o , and w can be calculated using ground-and satellite-based data as explained in the next section. Therefore, values of are obtained from (5) . These values are finally employed to compute solar radiation incident on the ground using the following equation:
where is daily radiation on the earth surface and 0 is extraterrestrial daily irradiation. 0 was calculated by using the formula reported in Iqbal [25] . In calculating 0 from this formula, a solar constant of 1366.1 W/m 2 is used [26] . All parameters of the model are determined using monthly average daily basis.
Calculation of Model Parameters

Surface Albedo ( ).
The surface albedo is estimated from satellite images collected at 12 : 30 h local time. For each month, digital data of rectified images are examined and pixels with the lowest gray level value are selected to create the cloud-free composite image for that month. All cloudfree composite images are then transformed into cloud-free earth-atmospheric reflectivity by using the conversion table. The effect of the atmospheric reflectivity is removed from the cloud-free earth-atmospheric albedo by using 6S radiative transfer model [27, 28] .
Absorption Coefficient of Water Vapour.
The amount of atmospheric water vapour is usually quantified as a thickness (in cm) of precipitable water. The absorption coefficient of water vapour can be determined by the followings equations:
(i) in satellite band:
(ii) in broadband:
where 0 is extraterrestrial spectral irradiance, w is spectral transmittance of water vapour, w is absorption coefficient of water vapour in the satellite band, w is absorption coefficient of water vapour in the broadband, and 1 and 2 are wavelength bands of the satellite. Transmittance of water vapour is determined using the formula of Leckner [29] . In order to determine this transmittance, precipitable water is required. Though precipitable water data are available from satellites such as MODIS, there are a lot of missing data from the satellite over this region and the spatial resolution of the data is relatively low. Therefore, in this work ambient air temperature and relative humidity data collected at 85 meteorological stations over Thailand are used to estimate precipitable water. The measurements of the temperature and relative humidity follow the guideline of WMO (World Meteorological Organization). As temperature and relative humidity are measured every 3-hour interval, they are interpolated to obtain hourly data. Only the data obtained during day time are used to calculate precipitable water employing the formula proposed by Janjai et al. [24] . In our previous work, variation of precipitable water with latitude was used to determine its values over the country. This approach created some uncertainties due to non-systematic spatial distribution of precipitable water in some areas. In this work, the values of precipitable water at 85 stations are extrapolated to obtain the values of precipitable water covering the entire area of the country. This approach is more realistic than the previous one.
Absorption Coefficient of Ozone.
In this work, the absorption coefficients due to ozone were calculated from the following equations:
where o is absorption coefficient of ozone in the satellite band, o is the absorption coefficient of ozone in broadband, and o is spectral transmittance of ozone. Spectral transmittance of ozone was calculated using a model reported by Iqbal [25] . In a previous study [24] , total ozone column at Bangkok was used as representative of the total ozone column over the country. In this work, the level 3 total ozone column from TOMS/EP and OMI/Aura satellites is used for the calculation of the spectral transmittance coefficient. This is because the ground-based total ozone column measurements in this region are very limited and the accuracy of the satellitederived total ozone column is relatively good [30] .
Absorption Coefficient of Atmospheric Gases.
In our previous work, this coefficient was included in the calculation of the absorption by water vapour. In this work, a relationship described by Leckner [29] for spectral transmission of gases ( g ) after absorption by carbon dioxide, oxygen, and other trace gases is used to calculate the spectral transmittance. The absorption coefficient of gases is calculated from the spectral transmittance as follows:
where g is absorption coefficient of gases in satellite band and g is absorption coefficient of gases in broadband.
Solar Radiation Depletion by Aerosols.
Aerosols are fine solid or liquid particles in a state of suspension in the atmosphere. They play an important role in depletion of solar radiation within a polluted atmosphere. Aerosol properties in the atmosphere can be measured by using ground-based instruments such as sunphotometers. However, it is costly to deploy such instruments over a large area. Although, the aerosol optical depth (AOD) derived from satellite such as MODIS can be used to quantify the effect of aerosols on solar radiation, the uncertainty of satellitederived AOD is significantly high, compared to groundbased measurements in this region [31] . In addition, the spatial resolution of the satellite-derived AOD is relatively low and the periods of the available AOD data do not match with this study period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) . Therefore, in this study we use the visibility to quantify the effect of aerosols on solar radiation. Visibility data visually observed at 85 meteorological stations across the country are used and interpolated to cover the entire areas of the country. A relationship between the visibility and the coefficient of the depletion of solar radiation due to aerosols ( aer ), developed International Journal of Photoenergy 5 by Janjai et al. [24] , is used in this work. This coefficient is defined as the ratio of the difference between clear sky solar radiation without aerosols and actual clear sky radiation with aerosols. This relationship is written as
where aer is the solar radiation depletion coefficient due to aerosols and VIS is visibility in km.
The depletion of solar radiation caused by aerosols ( aer ) is a result of absorption and scattering processes. To determine the proportion between the scattering and absorption effects, single scattering albedo data (SSA) is needed. Although SSA data are available from OMI/Aura satellite, this SSA is derived for UV wavelength (320 nm) and the data are available from 2004, which do not meet the requirements of this work. As there are a lot of sunphotometer stations of AERONET (Aerosol Robotic Network) of NASA in East Asia, including four stations in Thailand, SSA data from 82 stations located across East Asia are used to determine the proportion between the scattering and absorption caused by aerosols over Thailand. The absorption and scattering fractions are interpolated over the entire areas of the country. Using these fractions, the scattering coefficient ( aer ) and absorption coefficients ( aer ) are determined. This method is more realistic than that used in the previous model.
Broadband Atmospheric Reflectivity ( ).
The broadband atmospheric reflectivity is required for the calculation of the surface solar radiation (5) and (6) . However, the satellite gives only the satellite band reflectivity ( A in (3)). We proposed to convert A into A by using statistical relations derived from solar radiation data collected from four solar radiation monitoring stations of Silpakorn University, which are located in the main regions of Thailand (see Figure 3) . Details of these stations are given in Table 2 and the procedure for deriving the relations is explained as follows.
Firstly, the equation for calculating the broadband atmospheric transmittance (5) is rearranged to obtain the broadband atmospheric reflectivity as
In (6), the atmospheric transmittance was calculated by
where is monthly average daily global radiation and 0 is monthly average daily extraterrestrial radiation. The values of H are obtained from the measurements at all four stations. The other parameters of (14) are estimated using the method described in the previous sections with the input data measured at all four stations.
Secondly, the values of the satellite band atmospheric albedo ( A ) are computed from (3) employing the satellitederived earth-atmospheric albedo ( EA ) and the other parameters at the four stations.
Thirdly, the values of the broadband atmospheric reflectivity ( A ) are plotted against those of the satellite band reflectivity. The results are shown in Figure 2 .
Finally, the graphs in 
These empirical relations are used to convert A into A in the model validation and radiation mapping processes.
Model Validation.
The technique used in this study relies on the satellite data and ground-based observations. A validation scheme which compares the satellite-derived solar radiation to the ground measurements is still needed prior to the generation of solar radiation maps. To accomplish this step, the models written in (2)-(6) are used to calculate solar radiation at 36 locations which have solar radiation monitoring stations. The values of solar radiation obtained from the models were then compared with the measurements at each station. The locations of these stations are shown in Figure 3 , and their names, latitudes, longitudes, altitudes, and periods of data coverage are given in Table 3 . Note that the four stations (Table 2) , whose data are used to establish the relationship between A and A , are excluded from the model validation because they are involved in the model development. Therefore, solar radiation data from 36 stations are independent datasets.
Monthly average values of A and A are obtained at each station and they are further processed along with surface observations so as to estimate a monthly average of clearly solar radiation (6) .
Comparisons of the values of long-term monthly average of satellite-derived daily solar radiation and the corresponding measurement data collected from 36 stations are carried out. The stations belong to the Department of Alternative Energy Development and Efficiency, Thailand. Solar radiation from these stations is measured by using pyranometers of Kipp & Zonen (model CM11). As the comparison is based on the long-term monthly average values, the total number of data used to calculate RMSD and MBD are equal to 12.
The relative root mean square difference (RMSD) and relative mean bias difference (MBD) are used to assess the performance of the model. The RMSD and MBD are defined as follows:
where model, and meas, are the calculated and measured long-term monthly average radiation of the th month, respectively, and is the total months of the year. In order to obtain the long-term average radiation of a month, both from the measurements and model, the values of radiation of that month are averaged over the period of the data. The results of the comparisons are shown in Table 3 . It is observed that values of RMSD and MBD are in the range of 2.4-11.6% and −0.2-6.5%, respectively. When all data are combined, the RMSD and MBD are 5.3% and 0.3%, respectively. The original model [24] gives the RMSD and MBD of 6.8% and 2.7%, respectively. This indicates International Journal of Photoenergy thatthe improved model provides more accurate results than those of the original model.
Result and Discussion
After the validation, the model is used to generate the solar radiation maps of Thailand. The calculation is carried out for all arrays of 500 × 800 pixels covering the entire area of Thailand. The results are averaged to obtain values of longterm monthly and yearly average daily solar radiation. Then they are displayed as monthly and yearly maps in Figures 4 and 5, respectively. From the monthly maps (Figure 4) , it is observed that solar radiation increases from January to February. This is because the sun path progressively moves northward to the celestial equator during this period, causing an increase of solar radiation in most parts of the country. It can also be seen that solar radiation in most parts of the south is higher than that of the north due to the effect of the sun path. Cloudiness is not a dominant effect because these two months are in the period of the northeast monsoon with the majority of clear sky days, except in the mountainous areas.
In March and April, high solar radiation ofover 18 MJ/m 2 -day features in most parts of the country. High solar radiation of more than 20 MJ/m 2 -day is observed over large parts of the east and the south of Thailand. This is because solar radiation at noon time is almost perpendicular to the earth surface over the country. For example, on the 1st of April the values of solar zenith angle at Narathiwat (6. 2.16 ∘ , 9.56 ∘ , and 15.70 ∘ , respectively (see Figure 3) . In addition, these two months correspond to the transition period between the northeast and the southwest monsoons with numerous clear sky days.
In general, the onset of the southwest monsoon is in May, causing cloudy skies over areas in the south and the east of Thailand. Consequently, low solar radiation (14-17 MJ/m 2 -day) values are observed in these areas. High solar radiation of 18-20 MJ/m 2 -day still features in the north because these areas are less exposed to this monsoon. Values of 20-22 MJ/m 2 -day are observed in the central region. From June to October, solar radiation decreases for most parts of the country due to high cloudiness and rainfall caused by the enhancement of the southwest monsoon, despite the higher extraterrestrial solar radiation in this period.
In general, the monsoon changes from the southwest to northeast monsoons in mid-October and the northeast monsoon brings dry and cool air to most parts of the country, causing clearer sky, except for the south. This is because the monsoon blows across the Gulf of Thailand (see Figure 3 ) bringing moisture to the south which results in rainfall and cloudy skies. The effect of this monsoon continues to December, causing low solar radiation in the south. Although, the rest of the country is mostly under clear sky condition, the sun path moves southward from the celestial equator, causing low extraterrestrial radiation and consequently lowing surface solar radiation. On a yearly basis (Figure 5 ), the map demonstrates geographical distribution of average solar radiation caused by all factors affecting solar radiation in each month. The main factors include the variation of the sun path, monsoons, and local geographical features. The combined effects of these factors resulted in patterns of solar radiation distribution. From these patterns, it is noticed that the areas which receive the highest solar radiation are mainly in the high plain of the northeast region and the low plain of the central region of the country. The areas which receive less solar radiation are in the mountainous areas in the northern region and western parts of the country.
Conclusion
A technique for mapping solar radiation in the tropics has been presented. In mapping solar radiation a satellite-based solar radiation model has been improved. The improved model was validated against solar radiation measured at 36 solar monitoring stations in Thailand. It was found that solar radiation calculated from the model and that obtained from the measurements were in good agreement, with the discrepancy in terms of root mean square difference and mean bias difference of 5.3% and 0.3%, respectively. The improved model performed better than the original model. The improved model was subsequently used to map solar radiation over the entire country. Results reveal that geographical distribution of solar radiation in this region depends strongly on the tropical monsoons and local geographical features.
